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Abstract Lactose is ai present the only soluble carbon 
source which can be used economically for the produc- 
tion by Hypocrea Jecorma Trichoderma reesei) of cel- 
lulases or heterologous proteins under ihe control of 
celluiase expression signals. However, the mechanism by 
which lactose triggers the formation of cellulases is 
unknown. To enhance our understanding of lactose me^ 
taboll^ and its relationship to celluiase formatton, we 
have cloned and characterized the ga[7 gene (for galac- 
tose-! -phosphate uridylyltransferase) of H.jecorina, The 
gene encodes a polypeptide of 43.8 kDa, the sequence of 
which exhibits a moderate level of identity (about 50%) 
to that of the Gal7 proteins of Saccharomyces c&revv;iae 
and Kluyveromyces lactis^ and contains an active-site 
signature typical for galactose-l-phosphatc uridylyl- 
transfcrase family 1 . HJecorina gai7 is not clustered with 
other genes of galactose metaboKsm. A single 1.7-kb 
transcript is synthesized constitutively during the rapid 
growth phase and accumulated to twice this level during 
incubation in the presence of D-galactose and L-arabi- 
nose and the corresponding polyols (dulcitol, arabitol). A 
deletion mutant, constructed by replacing the gai? 
reading frame by the Fijecorrna pyr4 gene, was unabJe to 
grow on D-galactose between pH4.5 and 7.5, thus 
proving that in H, jecorina gaU is essential for metabo- 
lism of D-galactose. whereas the growth rate of the 
mutant on lactose was only reduced by about 50%. 
The rate of formation of cellobiohydrolase CeI7A and the 
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abundance of the corresponding (cbhl) transcript during 
growth on lactose was only slightly lower in the absence 
of gal7^ but a significant delay in decay of the cbhl 
transcript was noted during later stages of growth. The 
results suggest that ff, Jecorina uses oiily the Leioir 
pathway for metabolism of D-galactose and lactose. 
FuTtherniore, conclude that metabolism of lactose 
past the galactose-1 -phosphate step is not essential for 
celluiase formation. 

Keywords Lctoir pathway • Gene regulation • 
Trichoderma - Lactose • Filamentous fungi 



lirtrodHdlOii 

The disacchande lactose (U4-j?-D-galactopymno9yl- 
D-glucose) i$ a byproduct of cheese production and thus 
a renewable carbon source which accumulates to 
amounts of 300,000 tons per year worldwide, of which 
15% is used as a carbon source for various microbial 
fermentations (Roelfsema et al. 1990). For celluiase 
production by the ascomycctc Hypocrea Jecorina (ana- 
morph: Trichoderma reesef), it represents virtually the 
only soluble carbon source which is economically feasi- 
ble on a technical scale (Persson et at. 1991), and which 
is required exclusively for the use of H, Jecorina to 
produce heterologous proteins under the control of 
celluiase promoters (PenUllfi 1998). However, lactose is 
metabolized slowly, and celluiase yields on lactose-con- 
taining media are lower than on cellulose (Andrcotti 
et al. 1980). A knowledge of the rate-limiting steps in 
lactose metabolism in H. Jecorina^ and of the mecha- 
nisms by which the disacchande triggers celluiase 
formation would thus help to improve the use of lactose 
as a carbon source. However, lactose metabolism has 
not yet been studied m H. jecorina^ and molecular 
genetic information on lactose utiJization is so far not 
avAilable for filamentous fungi in general. 

The biochemistry and genetics of lactose and galac- 
tose metabolism in fungi has been studied extensively in 
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the yeasts KJuyvsromycea lactis (Dickson and Riley 
1989) and Saccharomyces ceyevisiae (Fukasawa and 
Nogi 1989; Lohr et aJ. 1995), While the glucose moiety 
of lactose directly enters the glycolytic pathway, galac- 
tose has to be converted to ^ucose-6-phosphatc> by a 
series of enzymatic reactions known as the Leloir path- 
way, in order to enter the glycolytic pathway. Both 
yeasts use the Leloir pathway cT^clusively for this process 
(Ftcy J 996). In contrast, plants use an alternative 
pathway (Gross and Phat 1982; Gross and Schnarren- 
berger 1995). Tn the filamentous fungus Aspergillus 
nidulans. the operation of an alternative pathway during 
growth at pH values above 7.5 has been suggested 
(Roberts 1970), but it is noi known whether this ia the 
same pathway as the one proposed to occur in plants. 

Galactose-l-phosphate uridylyl transferase (UDPglu- 
cose:a-D-galactose-l -phosphate uridylyltransferase; EC 
2.7.7J2), which catalyzes the reversible transfer of the 
uridine T phosphoryl moiety from UDP-^glucose to ga- 
tactose-l-phosphate to produce UDP-galactosc and 
glucose-1 -phosphate, is a key enzyme of the Leloir 
pathway. As a first step towards the characterisation of 
lactose metabolism in H.Jecorina and its relationship to 
cellulase formation, we report here the cloning and 
functional charactenzation of the gene encoding UDP- 
g1uco$e:«-I>galactoSB-l-phosphatc uridylyltraiufcrase 
(galT). We will provide evidence that this gene product is 
essential for growth on galactose, but not for induction 
of cellulase formation on lactose. 



Materials and methods 

Strains and culture ceaditions 

The H^Jeecrina strains used in this study were QM9414 (ATCC 
26921) and the pyr4 negative mutant TU-6 (ATCC MYA-256, 
Gruber et 1990a). All strains were maint&inod on roalt*extr&ct 
agar, ftupplcrncnted with uridine (10 mM) when necessary, and 
grown in 250-n)l flasks cm a roUry shaker (250 rpm) at 30^0 in the 
mmimol modium described by Mandcls and Andreotti (1978) with 
th« respective carbon source at a final concentratian of tO g/l. 

For the analysis of cellulase Q:>cpression, strains QM94I4 and 
AGoI? were grown on slyccrol (1% w/v) for 24 h; mycetia were 
harvested by filtration and washed with tap water; then equal 
amounts of mycelia were transferred to Ra$k$ containing lactose 
(I % w/v) as a carbon source, and cultivation was continued For 
84 h. The expression of gaJ7 was analyzed In the same way, but 
using cultures that had first been grown for 24 h on giyoerof 
w/v)» and then transferred into a meditim containnig the carbon 
source of interest for a further incubation for 6 h. In Ae case of 
pectin, arabinogalactan and lactose, j^alT c^cpression was analyzed 
without initial growth on glycerol. 

The Escherichia coli strains ER1$47 and BM25.8 (Novagen, 
IV^adison, Wis.) were used for Ubrary screening, and Rtraln JM109 
(Promega, Madison* Wis.) for plasmid propagation. 



Qooing of the H,JecorOia gai7 gene 

To amplify a potential H. jecorina g al? fr agment by PCR, the 
conserved amino acid sequenocs QIFENKGTAM and DIT- 
PEQAA were chosen as the basis for the design of oKgontideotide 
primers. The degenerate primers udgtforl (5'-CA(AG)AT(CT)TT 
(Cr)GA(AG)AA(CT)AA(AO)GGJAClGCIATG*3') and" udgt- 
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revl C5'-GaCC(CDTG{CT)TaGGIGT(AO)AT(AO)TC-3') 
were uRod, togmher with 100 ng of Jecorina QM9414 gcnomtQ 
DNA as templntc. in a SO-^il reaction volume incubated in an 
tomated temperature cycling device (Biotron, Biomctra, Gflttittgen, 
Gcmifmy). The reaction mixture contained, in addition, 2.5 mM 
MgOi, to mM TRIS-HCl pH 9.0, 50 mM KO, 0.1% (v/v) Triton 
X-IOO, 0,4 ^M of each primer. 02 mM of each dNTP and 0.5 U of 
Taq polymerase (Premera). AAo* initial denaturation at 94*x: for 
1 min, 30 cycles of ampHflcation were carried out (1 rain at 94'C, 
1 Tnin at 55*C 1 min at 74'*C). with a final extension period of 
7 min at 74°C. A 550-bp fragment was isolated and cloned into 
pGEM-T (Promega). 

The 5S0-bp fmgmcnt was used to screen a genomic library of 
H.j&coHna QM 9414 In xBtueSTAR (Novagcn). Th«^tf/7 gene was 
localized on a 3.5-lcb N^il^EcoRV fragment which was ligated into 
pOEM-SZn[+), re«tii]tljiff in the plasmid pOAL7. Restriction 
fragments from variovA chromosomal subclones were ligated into 
pBlucscript SK(+) and sequenced, using a Li-Cor 4200 (Li^or» 
Uncohi, Neb.) automatic sequencer, The assembled DNA sequence 
was deposited it) GcnBank under Acceafrion No, AY057105. 

For the cloning of a gat? cDNA fragment comprising the entire 
coding region. poly(A)" mRNA from galactosc-grown mycelia 
was isolated with the aid of the PolyATtract mRNA Isolation 
System (Promega), The ial7 cDNA was then amplified by RT-PCR 
using the Rcverfie Tianscription System (Promega) with the prftner 
pair galTfor (5'^CGATATCATGCCTGACAAGATCCTC- 
GATO-30 and galTiev (5'-OTCTAGCrCAACTTGTTCx:GG^30. 



Sequence analysis 

The 3.5-kb fragment wa$ analyzed using BLAST programs 
(Altschul et at. 1990) and nmltiple sequence aUgnment was done 
using MtihiAlin (Corpet 1988). Consensus binding sequences in the 
gui7 S' refjdon were Identified manually. 



Construction of a ff.j^corifft dgal7 strain 

To construct a 6>gfti7 etratn of H./ecorina, the gai7 coding region in 
pGAL7 waa replaced by the ff. Jecorina pyr4 marker* To this end, 
the entire ^17 coding t^on was deleted using a two-«tep Fuftiott^ 
PCR approach (Higucht 1990): The primers used for amplification 
of the 5' and 3' unltanRlatcd regions were the unfvcrsal primers 
MI3f and M13r, iwd gal7dell (5'-GAGATCTCTAGCTCGTCG 
ACGOTAGGOAATTATCCTGaTG-3') and gal7del2 (5'^A 
TAATTCCCTAOCGTCGACGAGCT AGACATCTCAOCC 
T-SO. The resuTting 2.Md> fragment comprising the 5' and 3' 
flanking regions without the ^<3/7 coding region waa Kgated into the 
nsO/EcoRV sites of pGEM-5Zfr+). The recombinant PCR intro- 
duced a single Sail site between the 5' and 3' i^a!? aanidng iegion8» 
which was used to iotroducc a 27-kb pyr4 SktU fragment of 
ff. Jecorina from pPGl (Gruber et ol. 1990b). resulting in the 
plasmid pDGAL7. 



Fungal transformation 

Transformation of K Jecorina TU-€ was done according to Gruber 
et al. (1990b). For gene replacement pDGAL7 was hnearized with 
Nsd and EcqMV, and the resulting 4.8-kb fragment isolated from 
an agarose gel. 



Nucldc add Isolation and hybiidizadon 

Fungal mycelta were harvested by fihration. washed with tap water^ 
then frozen and ground m liquid nitrogen, ipor extraction of DNA, 
mycelial powder was suspended in buffer A (1.2 M NaCl, 5 mM 
EDTA, 0.1 M TRIS-HCi. pH 8.0X Incubated for 20 min at 65*C, 
cooled oti ice* mixBd with I vol of phenol and 1 vol of chioroform 
and centrifuged (12,000 rpm, 15 min) in an Eppcndnrf centrifuge. 
Following a second extraction with 1 vol of chloroform, the DNA 
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was precipitated with I vol of isDpropanoI and was^hed with 70% 
(v/v) tihanol. Total RNA was Isolated as described by Chora- 
czynskt and Sacchi (1987). Standard methods (Sambrook ct at. 
19S9) were UMd for dectropboresift, blnttjixg and hybridization of 
n\ideic acids. 

The probed used for hybridization were: a 1.44cb Bf^H frflftmcnl 
of cMJ (the gene encoding cellobiohydrolasc Cel7A), a i.P-kb 
AccSSl fragment of the acti (actih) gpjip, and a 2.4-kb B^ttXl 
fra^eot of gaiJ. Si^a[ intensities were detonnizied by denMko- 
metric measurementa ofautcradiographs exposed for varloixs times 
[only values with linear comJation (r>0.9) were usod]. 



Determination of C^ngal growth 

To detcmiifle rates of hypbal growth on agar plates, plates were 
mocuhtod by placing a amaH picoc of mycelstim^bearijig agar in the 
center of an n<in plate, and the increase in colony diameter 
measured twice daily. To tneasure growth in submerged cultures, 
the inGrea.qe <n biomass dry weight was recorded. To thift cndL 
mycelia were harvested after appropriate times, washed extensively 
with distilled water and dried to constant weight. 



Biochemical analysis 

Protein concentration was detonnlned with the Bio-Rad Protdn 
Assay (Bio-Rad Laboratories, Mtknchcn. Germany). The protocols 
described by Ausubel et al. (199t) were used for SDS-PAGB (using 
10% polyacrylamide gels), and Western blotting (u$ing a monocl- 
onal antibody to detect ccllobiohydrolaM Cel7A; Mischak et al. 
1989). 



ResuKs 

Cloning of «t HJecorina galactose-l-phosphatc 
uridylyltransferase 

Wc identified conserved amino add npgions in various 
GaJ7 proteins by aligning the corresponding amino add 
sequenoes from 5. ceremm, K. )actis, FUobasidiella 
neoformans iCryptoeoccus neoformans% Homo sapiens 
and E, colL <j^«-5pecific degenerate primers derived 
from these regions were succcs^tfully used to amplify a 
single 550-bp ampKcon; the polypeptide encoded by this 
fragment exhibited a high degree of identity to other 
galactose-! -phosphate uridyly] transferases. With this 
amplicon as a probe, a 3.5-kb genomic clone was 
isolated from a H. jecorina library in iBIueSTAR and 
sequenced. This clone contained an ORF of 1353 bp, 
internjpted by three introns of 74, 67 and 66 bp, 
respectively, the positions of which were verified by 
sequencing a corresponding cDNA done. Southern 
analysis of diiferenrially digested chromosomal DNA 
suggests that gai7 is present in a single copy in the 
H. jecorina genome (data not shown). 

The deduced j>olypeptidc comprises 382 residues with 
a calculated Mr of 43.8 kDa, which shows moderate 
identity over its entire sequence to Gal7p from yeasts 
(5. ceremiac, 51% identity; K. lactis, 53% identity; 
F. neoformans, 42% identity), mammals (ff. sapiens, 
42% identity) and prokaryotes (E. c(?/t\ 47% identity). 
Moreover, single atnino adds and sequence motifs 
which have already been shown to be important for the 



function of the E, colt GalT (highlighted in Fig. t). such 
as the consensus sequence of the active site 
(GCSNPHPHGQ; Wedekind et al. 1996), and the amino 
adds involved in binding zinc [C52. C55 (the rubrcdoxin 
"knuckle" motiO^ Hns and H|g4) and iron (Hifti, 
U399 and E1B2; Ruzicka et al. 1995; Wedekind et al. 
1995) arc conserved. Thus, H» Jecorina ga!7 encodes a 
type-l galactose- 1 "phosphate uridylyltransferase with 
high functional similarity to the enzyme from bacteria 
and yeast, but unlike that of mammalian cells and red 
algae, in which three of the four residues involved in zinc 
binding are non-con aervatively replaced (Wedclcind et al. 
1995; Lluisma and Ragan 1998). 



H, jecorina gal7 is not clustered with other gai genes 

The genes encoding the enzymes of the LeJoir pathway — 
GALI (encoding the galactoktnage), GAL7 and GALIO 
(UDP-glucose 4-epiraerase) - arc organized as a cluster 
in yeasts such as 5. cerevisiae and IC lactis (Dickson and 
Riley 1989; Fukasawa and Nogi 1989; Lohr ct al. 1995). 
With H. jecorina gat7 in hand, we asked whether such a 
gal gene cluster is also present in this fungus. To this 
end» we perfoimed a. chromosome walk from the 5'' and 
3' flanking regions of gal7 until we encountered other 
ORFs (Fig. 2). In the region 5' to gal7 we discovered a 
gene which codes for a protdn that ^hows high shnilarity 
(sequence identity 53%) to 5. cerevisiae Ada2p, whereas 
the next ORF downstream of gal7 codes for a protein of 
as yet unknown ftmction, that displays a high level of 
similarity (sequence identity 47%) to that encoded by an 
ORF in the Neurospora genome database (http://www^ 
genome. wi,mit.edu/annotat]on/fungi/neuro5pora; contig 

I. 121, bp 12336-12839): and moderate smnHarity 
(sequence identity 31 %) to S. cerevisiae Erg2$p (Goffeau 
et al. 1996). Hybridization analysis with PCR fragments 
encoding the H, jecorina GALI and GALW homologs 
(B. Seiboth, unpublished data) showed that these two 
genes are not located within an area extending approxi- 
mately 9 kb up- and downstream of gai?. From these 
data, we conclude that in jecorina^ unlike the case in 
yeasts, gaU is not clustered with genes for other enzymes 
of the Leloir pathway. 



Regulation otgai? expression 

In the 5' upstream sequences of jecorina gal?, con- 
sensus binding sites for several known protdns were 
identified: A binding site for (he carbon catabolite 
repressor Crcl (Strauss et al. 1995; Ilmcn ct al. 1996) is 
found at -47, for XlnR, the A. niger tmnscriptional 
activator of xylanase and cellulase biosynthesis (van Peij 
et al. 1998) at -153 and -207; for PacC, the A. nidulans 
pH regulator (Dcnison 2000) at -383; and a site for 
Hap2/3/5, a multimeric complex that binds to CCAAT 
motifs (Brakhagc ct al. 1999; Zdlinger et al. 2001) is 
located at -368 (Fig. 3A). Interestingly, no sequences 
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PfjB|. I. Alignment of galaotosc- 
I •phosphate uridy1y]transfe> 
rases. ScGan (Sacchnromyc^s 
cerevhiac\ P084313). KlCtel? 
(Kiuyveromyccs lactix. P09580). 
HjGal? {Hypocrca Jccoritra^ 
AY057I0«), NcOalT (Mnims- 
pora crassa; hiip://www-ge* 
npmc.wi , m it.ed u/annottition/ 
rungiVneurospora; contie 1.121, 
bp 10732-12)09), GgGALT 
(GrocHaria graciii^, 
AAB$?705). FnGfll? {Fthba- 
aidielia n^jfonmrns, S6979S), 
EcGaTT {Esch^richfa cotL 
P09148X HsGALT {Homo 
sapient, 707902). Resttluc<i in 
white on a black backp-ouhd arc 
conserved in at least 90% of the 
Gal protdns. residues in white 
0ft gmy in 40 Vo. The doij^Uf- 
headedartow indic(UC9 the 
position or the EWtive siiCj^ resi- 
dues involved in zinc binding 
are designated by diamonds and 
amino adds required for itoq 
binding are marked by stars (sec 
text) 
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matching the consensus for binding of the transcrip- 
tional activators of the genes of the Lcloir pathway in 
S- cerevisiae (Gal4p) and lactis (Lac9p) 

(CGGNiiCCG; Dhawalc and Lane 1993) were found 

The presence of the above-mentioned consensus 
sequences prompted us lo investigate whether gal7 
expression might be regulated by carbon cataboHte 
repression, pH, or by the presence of xylose. To test this, 
we measured the abundance of the gal7 transcript by 
Northern analyses during growth of H, fecorina on a va- 
riety of carbon sources. Generally, the gaI7 transcript was 
most abundant in young cultures, and levels decreased 
sharply during further cultivation (data not shown). To 
minniiZB differences in growth rate on the carbon sources 
investigated* M. jecorina was first cultured on glycerol. 
Ouly in the case of lactose^ and the polymers arabinoga> 
lactan and pectin, was this pTGculture step omitted. 
However, Fig. 3 shows that accumulation of a 1 . 7-kb gal7 



Xh&i Nsa EcqKV 




a<Af2 fftP erg29 



Ikb 

Fig. 2 Genomic organizalton of the gcd7 locu? in H, Jecorina, The 
arrows indicate the orientation of the 0JIF$ and the whftff boxes 
5how the positions of the in irons in the gal7 gene 

transcript was detected on essentially all carbon sources 
tested. Increased transcript levels (approximately twofold 
compared to the level on all other carbon sources 
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Fig. JA, B Regulation oT ^at? c^cprcsston in Jicotina. 
A Positions of consensus binding sites for known fun^^l protdns 
in the non<odtng region ui»9trcam of ^7. FosiLiOAs htp given 
relative to the translation start codon ATG. The an-oww indicate the 
orientation of the eotiflcnsus sequences on the coding ntmnd (qrrow 
above) and non-codin^i strand (anow Mow). B Norihem analysis 
of the gatT transcript during growth on various carbon source^. 
Mycclta were cultured at pH 4.5« and in the esse of gafcictose also 
at pH 7.5 (Gat7.5). $ninp1es were obtained 6 h after tmnrfcr to the 
respective carbon source. In the ca<;c of laiaose, arabinogatactfln 
and pectin, the QM94I4 strain wa& cultivate without prior growth 
on giyocroi, and samplea were taken after 30 h of growth. The 
values Uidicate the mtio of the intensity of the ga!7 signal 
(measured by densitometry) to that of the err/ control. Abbrevi- 
ations: Gly, glycerol; Glc, D-gluco^: Gal. CK-galactose; Xyl, xylose: 
Ara. L-arabinose; Ool, galactitol; AoK L-arabitol, Xol, xylitol; Lac. 
lactose: Aga, arabinogalactaTi; Pec. pectin 

investigated) were detected on D-galactose and L/-arabi- 
nose, and the corre$po]n.ding polyols galactitol and arab- 
itol. The gal7 transcript was equally abundant at pH 4.S 
and 7,5. Simnhaneons incubation with D-glucose and D- 
galactose did not ^vc ruse to my increase in gtJ7 transcript 
abundance, indicating that D-ghKose interferes with 
transcriptional stimulation by i>galactose» thereby ex- 
plaining why only constituti ve levels of the transcript were 
observed on lactose. 



The gal? gene is necessary for growth on galactose 
but not on lactose 

In order to investigate v^hethcr the Leloir pathway is 
essential for growth of H- jeconna on D'^galactose, we 
constructed a Agal7 mutant by replacing the coding 



region oCgai? by the H.jecorma pyr4 gene (Fig. 4A). The 
corresponding mutant strain displayed similar growth 
rates on glucose and glycerol to the wild -type strain, but 
failed to grow on D-galactose. Intereslin^y, the tnutant 
could grow on lactose, albdt at a reduced rate (Fig. 4B). 
This indicates that hydrolysis of lactose is not signifi- 
cantly impaired in the mutant, and is thus hidependcnt of 
the metabolites that arise downstream of the galactose- 1- 
phosphate uridylykransfcrasc step. Roberts (1963) re- 
ported that in A, niduUms an alternative pathway ac- 
counts for D-galactose metabolism at pH values above 
7.5. To find out whether such an altenmtive pathway 
might also exist in H.jecorma, we examined the effect of 
pH on the growth of wild-type H, jecorma and the ^al7 
mutant on galactose. WhQe the wild»type grew very 
poorly on D-galactose at pH 7.S, the &^al7 mutant of H. 
jecorina was virtually unable to grow under these con- 
ditions (Fig. 4C).. thus arguing against the presence of 
such an alternative pathway in this fbngus. 

Loss^f-functioii of galactose-l-phosphate uridylyl- 
transferasc is known to lead to ^lactose toxicity in 
mammalian cells (Leslie et aL 1996; Ning et a1. 2000). 
We therefore tested whether the H.jecorma 6gal7 strain 
could grow on glucose in the presence of galactose. 
Figure 4d shows that the strain could indeed grow, but 
did so at about half the rate of the parent strain, and 
with diiferent morphology. Microscopic examination 
revealed that the hyphae were more curved, partially 
swollen and characterized by thicker ceU walls than the 
parent strain. Thus, galactose appears to affect hyphal 
growth of a gof7'*d^cicnt strain on glucose* 

BflTect of interruption of the Leloir pathway 
on the foiTuation of Cel7A and cbhl gene 
expression in if, Jecorma 

To determine if metabolism of the D-galactose moiety of 
lactose is essential for cellulasc prodtictton and celjutase 
gene transcription, H.jecorma QM 9414 and the Agat7 
mutant were grown on lactose^ and the level of the major 
cellulasc protein cellobiohydrolase Cel7A (formerly 
referred to as CBH T) and the accumulation of the 
corresponding transcript were measured. The concen- 
tration of Ce]7A in the medium was lower in the mutant, 
but so was also the biomass density and the amounts of 
Ccl7A formed per gram of biomass were roughly similar 
in the wild-type strain and the Agal? strain (Fig. 5A, B). 
This finding is supported by the fact that the abundance 
of the cbhl transcript was virtually the same in both 
strabs (Fig. 5Q. However, the decay in tmnscript 
abundance, which occurs during prolonged cultivation, 
was strongly reduced in the Aga^^ mutant. 



Dbcussfon 

The mechanisms governing expression of the GAL 
genes in 5. cerevisiae have become a paradigm for gene 
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FIr- 4Ap-D Elfeci of got7 gene djsra|>lion on g^t^wth of Hjecorino 
on various carbon aouroes. A Southern analysis and ssne deletion 
$ir&tcBy, Genomic DNA of strain QM9414 and the strain 
were digested with BxtXi and probed with a 14-lcb At/XT fragment 
comprising the coding as well as 5' and 3' UTRs of the gat? gene. 
On ihc right is a restriction map of gal7 jmd the gal7 deletion 
calotte. B Comparison oF ibc growSi of the wild-type strain 
QM9414 and the d^oH strain on plates contaming $luco$c, 
galRCtose or lacto.^ as sole carbon source. C Effect qP carbon 
source and pH on the radial growth rate (in cm per day) of 
Jecorina QM 9414 {fi/fed hars) and the corresponding d^al7 
strain (jsripplcd bars], D Company of the moiphology of 
H. jemiina strain QM9414 and the A?a/7 mvtant strain during 
growth on }% (w/v) glucosfi &nd 1% galactose 



regulation in lower cukaryotes PLohr ei al. 1995). 
Largdy similar results have been reported for the closely 
related yeast AT. laczis (Dickson and Riley 19S9) and for 
gaf7 expression in the fungal pathogen Fihbasidiella 
neoformam (Wickes and Edman 1995). The present 
study is the tir^t reporting an investigation of galactose 
metabolism In a filamentous fungus at the molecular 
genetic level. Although the deduced amino add sequence 
of the H. Jecorina gaiJ gene product is reasonably similar 
to those of 5. cerevisiae and K. lactbs, supporting the 
assumption that the enzyme has similar properties to 
the yeast galactose- 1 -phosphate iiridylyltransferases, 
important differences relative to GAL7 from S, cerevi- 
siae and K, lactis were found with rc^tpect to genomic 
environment and regulation of expressioti. With respect 
to the former, we dearly showed that gai7 is not found 
in a cluster with the other Jecorina gal genes. In ad- 
dition, wc have evidence that gaU and gailO (encoding 
galactose kinase and UDP-glucose 4'Cpitnerase, res;»> 
lively) do nol form a cluster (B. Seiboth, unpublished 
data). Thus« although clustering of genes is not 







r m 





uncommon in filamentous fungi, and has frequently 
been found for genes involved in secondary metabolism 
(Smith et al. ]990; KeUer and Adanu 1995; Tsai et al. 
1999) and assimilation of nitrogen aoid ^fiir com- 
pounds (Johnstone et al. 1990; Schicrova et al, 2000), it 
does not occur with the H. jecorina gal genes. 

In S. cerevisiae, the GAL structural genes GALI, 
GAL7 and GALIO can be foimd tn three major types of 
regulated states: inactivc^prcssed (glucose), inactive 
but poised for induction (glycerol), and induced (galac- 
tose) (Lohr et al. 1995). In contrast, H. Jecorina gal7 i$ 
not inactive in the presence of glucose. Instead, a sig- 
nificant constitutive, growth rate-associated level Q£gal7 
transcript was observed imder all conditions tested. In- 
duction by D^lactosc was apparent, but of low efficacy 
(twofold). Furthermore, a major difference exists as to 
the specificity of the inducer: while in S. cerevisiae ex- 
pression of GAL? solely depends on. the presence of 
galactose, M, Jecorina gal? is also induced by the pentose 
L-arabinose. In this context, it is interesting to oote that 
fungal a-galactosidases and ^galactosidases, as well as 
a-arabinosidases, have been reported to he inducible 
both by D-galactose and L^arabinose, and somctitnes 
also by D-xylose (Singh and Schtigcrl 1992; Nikolaev 
and Vientski 1998; de Vries et al. 1999). In H, Jecorina, 
formation of both oe-galactosidase and tx-arabinosklase 
has been reported to be inducible by both D-gatactose 
and L-arabinose, and also by the corresponding polyols 
(Zeilinger et al. 1993; Kristufck et al. 1994), These data, 
and the finding that increased levels of gai? expression 
are observed on D-galactose and L-arabinose, saggest 
that the natural galactoso-containing carbon substrate 
for ftmgi like H. jecorina is likely to be polysaccharides 
containing both these monomers, e.g, pectins and 
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Fig, 5A-C EfDect otRaf? gene 
dlsrupdon on cellulfise (Cel7A) 
BynthcRli) and chkf tratiscrlptiOD 
by //. JecoHnd during growth 
on lactose. A Growth of 
h. Jecmina QM 9414 (filled 
squares) fiild the ^al7 r^ntaQt 
{jiUtd trianj^hs) an lactose, 
B Western analysis arCelM. 
protein in the cultuic suncnia^ 
tanl; equal voIutdc? (5 )m) were 
loaded per lane. C Northern 
analysis of chhl trsmscript 
aoouitiulBtioii in H. Jecohia 
QM 9414 and the mutant 
on lactOfi^ontaimng mcdiviTn, 
JhQ ocll transcript serred as a 
loading control 
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arabinogalactaas (Dey and Brinson 1984). The ability of 
H. jecarlna to grow on these two polysaccharides as 
carbon sources lends support to this hypothesis. 

Galactosemia results from an inborn error of 
metabolism that occurs with a frequency of one patient 
per 47,000 in Caucasians. Any one of five amino add 
exchanges in ga1acto$e-l -phosphate uridyl transferase 
leads to galactose toxicity in these patients (Suzuki et al. 
2001). The molecular basis of this galactose toxicity is 
still unclear, but it has been attributed to the accumu- 
lation of galactitol and galactose-) -phosphate (liu et al. 
2000; Ning et al 2000). The finding of a slower growth 
rate and altered morphology during growth of the 
mutant of H.jecorina on ^ucose plus galactose suggesu 
that galactose is also toxic to ga/7«*defidcnt filamentous 
fungi. Whether this is also due to the accumulation of 
galactitol remains to be established, but the morpho- 
logical aberrations in the mutant (swollen hyphae and 
thickened cell walls) would be compatible with the 
intracellular accumuladon of a solute such as galactitol, 
which would increase the osmotic pressure internally. 
Indeed we have been able to detect the accumulation of 
galactitol in myoelia of the mutant of H. Jecorina 
during growth on lactose (unpublished data). If this is 
confirmed, filamentous fungi such as jecorina may 
serve as simple and useful models for the study of the 
efieas of non-metabotizable galactose on eucaryotic 
metabolism. 

Interestingly^ ga!? gene disruption did not affect the 
ability of H. jecorina to grow oD lactose as a carbon 
source. Although it is not yet known how lactose is 
metabolized, i.e. whether lactose is first hydrolyzed to 
D-glucose and D-galactose. and th.e$e monosaccharides 



then taken up and metabolizsed, or whether lactose is 
first taken up and hydrolysis occurs intracellularly, it is 
clear from the present data that the steps following 
ga]actose-l-pho8phate uridylyltransferase have little 
impact on the regulation of synthesis of the respective 
^.galactosidase and that of the lactose or galactose 
uptake systems. One might argue that this is because 
synthesis of ^-galacto^idase and the permeases is 
constitutive; however, we have evidence that at least 
synthesis of ^-galactosidase is dependent on induction. 
Thus the inducer is formed by a step prior to that 
mediated by galactose- 1 -phosphate uridylyltiansferase, 
which is unaJfected by the lack of this enzyme. 

With respect to cellulase biosynthesis on lactose, we 
found that the mutant accumulated the cbhl 

transcript in similar relative levels to the wild-type 
strain, which shows that lactose metabohsm through the 
galactosc-l-pKosphatc uridylyllransfcrasc step is also 
not required for cellulase formation. The fact that the 
decreased growth mte of the Agat7 strain on lactose doc$ 
not increase synthesis of Cel7A contrasts with the find- 
ing by several authors of an inverse correlation between 
growth rate and cellulase formation (Mandels atid 
An dreotti 1978; Andrcotti ct al. 1980). On the other 
hand, the significantly delayed decay in abundance of 
the cW?y-mRNA in the Aga/7 strain during prolonged 
cultivation could be due to an increased concentration 
or prolonged half-life of an inducer which is obviously 
formed prior to the Gal 7 step. Taken together, these 
findings are more compatible with the theory that lac- 
tose acts as an inducer of cellulase formation rather than 
promoting cellulase biosynthesis by relieving the fungus 
from carbon catabolitc repression. Further studies. 
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using mutants blocked in earlier stages of the Leloir 
pathway, are currently in progress. 

AchnowledKetnents This study was «ajppo«ed by the Pifth (EC) 
Framework profirammc (Quality of Life and Managcmcrt of 
Living RcKouTCCs; Project EUROFUNG 2; QLK 3-1 999-00729). 
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